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3 KO mice; remarkably, no protection against insulin resistance was provided by transplanting TNF-␣ Ϫ/Ϫ bone marrow in WT mice compared with TNF-␣ ϩ/ϩ 3 WT. The preserved insulin sensitivity seen in TNF-␣ Ϫ/Ϫ 3 KO mice provided protection against the development of hepatic steatosis. Taken together, these data indicate that macrophage-derived TNF-␣ contributes to the pattern and extent of fat accumulation and insulin resistance in diet-induced obesity; however, this contribution is negligible in the presence of host-derived TNF-␣. cytokine; inflammation; hyperinsulinemic-euglycemic clamping OBESITY IS AN INCREASINGLY important public health issue. Visceral obesity has been defined as an important element of the metabolic syndrome, and expansion of the visceral fat mass coupled with disturbed metabolic profile has been shown to contribute to the development of obesity complications such as insulin resistance and nonalcoholic fatty liver disease (NAFLD). The development of obesity coincides with a significant increase of bone marrow-derived macrophage infiltration in adipose tissue, associated with the expression of inflammatory cytokines, considered to be responsible for the majority of the obesity complications (6, 7, 32, 47, 48) .
The proinflammatory cytokine tumor necrosis factor-␣ (TNF-␣) has been studied extensively for effects on the regulation of adipocyte differentiation, lipid metabolism, and insulin sensitivity. TNF-␣ has been demonstrated to contribute to the development of insulin resistance in a variety of experimental models of obesity (17-21, 29, 35, 44 -46) . In humans, TNF-␣ expression levels are positively linked with insulin resistance and other cardiovascular risk factors (17, 24, 49) . Multiple mechanisms have been suggested to account for these metabolic effects of TNF-␣ (reviewed in Refs. 15 and 29) .
Although originally believed to originate exclusively from macrophages (2, 42) , more recent evidence suggests that TNF-␣ is produced by adipocytes as well as by monocytes and macrophages, and circulates in increased levels in individuals with obesity (15, 16, 34) . Expression analysis of macrophage and nonmacrophage cell populations isolated from adipose tissue indicates that adipose tissue macrophages are responsible for almost all adipose tissue TNF-␣ expression (7, 47) . However, in lean mice, the adipocyte is one of the primary cell types responsible for the production of TNF-␣ by adipose tissue, which might be explained by the fact that lean adipose tissue contains considerably fewer macrophages than obese adipose tissue (7, 47) .
In the liver, Kupffer cells are the primary source of hepatic TNF-␣ (40) and have been shown to be recruited and activated in a nutritional model of nonalcoholic steatohepatitis (NASH; see Ref. 41) . TNF-␣ is thought to regulate Kupffer cell activation through both autocrine and paracrine mechanisms (23) . Recently, it was shown that TNF-␣ receptor-deficient mice are protected from liver steatosis and show a decrease in activated Kupffer cells (41) . Furthermore, treatment with anti-TNF-␣ antibodies improves NAFLD in ob/ob mice (26) .
To analyze the impact of TNF-␣ produced by bone marrowderived cells (e.g., macrophages), on the development of insulin resistance and NAFLD in the setting of diet-induced obesity, we transplanted both WT and KO mice with either TNF-␣-sufficient (TNF-␣ , knockout (KO)] aged 4 -5 wk on a B6;129S6/J background were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were housed in a pathogen-free barrier facility (12:12-h light-dark cycle). When the mice were 8 -9 wk old, the study was started. Two weeks before and 2 wk following the actual performance of the bone marrow transplantation, 100 mg/l neomycin and 10 mg/l polymyxin B sulfate (both from Sigma-Aldrich, St. Louis, MO) were added to the acidified water (pH 2.6). Bone marrow was collected from donor mice by flushing femurs and tibia with RPMI 1640 media (Invitrogen, Carlsbad, CA) containing 2% FBS and 5 U/ml heparin (Sigma-Aldrich). Bone marrow cells were washed, resuspended in fresh media, and counted. Recipient mice were lethally irradiated (9 Gy), and 4 h later, 2-5 ϫ 10 6 marrow cells in 0.2 ml were transplanted by retroorbital venous plexus injection. By design, male TNF WT and KO mice received either WT (TNF-␣ ϩ/ϩ ) or KO (TNF-␣ Ϫ/Ϫ ) bone marrow (n ϭ 10 for each of the four groups). The success of the deletion of the original bone marrow and the uptake of the received donor bone marrow were assessed by analysis of the bone marrow cells of the recipient mice after death (see further). After the recovery period of 2 wk, mice were placed on a high-fat diet [HFD; time (t) ϭ 0 wk; diet TD 88137; Harlan Teklad Madison, WI] in which 42% of total calories are derived from fat for 26 wk. A similar diet has been shown to induce obesity in mice with a C57BL/6 ϫ 129 genetic background (45) . Body weights were measured every 2 wk. Food intake was determined three times (at 4, 10, and 20 wk) during the 26 wk on the HFD for the individual mice, each time over a 24-h period, and expressed as kilocalories per mouse per day. After daytime food withdrawal (6 h), venous blood was obtained from the mice by retroorbital sinus puncture using a tube with anticoagulant (ammonium heparin), before switching to the HFD (t ϭ 0 wk), and after 12 wk on the HFD. The plasma was isolated by centrifugation at 3,000 g for 15 min and stored at Ϫ80°C. No plasma was collected at the end of the 26 wk on HFD to minimize the risk of losing animals in the hyperinsulinemiceuglycemic clamp studies. Fasting glucose levels were determined using a HemoCue glucose monitor (HemoCue, Ä ngelholm, Sweden). After 25 wk on the HFD, body composition of unanesthetized mice was determined using a Minispec model mq 7.5 (7.5 mHz; Bruker Optics, Billerica, MA) together with indirect calorimetry studies as described below. After 26 wk on the HFD, the mice underwent surgeries in groups of three (randomized over the 4 'gene combinations'), followed 5 days later by the metabolic studies described below. White adipose tissue, heart, liver, spleen, kidneys, pancreas, hindlimb muscle, and bone marrow were harvested. Liver, heart, pancreas and white adipose tissue were weighed. One portion of each organ was snap-frozen in liquid nitrogen and stored at Ϫ80°C for RNA extraction or frozen sections for immunohistochemistry; other portions were used for histology and immunohistochemistry. All animal protocols were approved by the Vanderbilt University Institutional Animal Care and Use Committee.
Indirect calorimetry. Oxygen consumption (V O2) and the respiratory exchange ratio were measured by an Oxymax indirect calorimeter (Columbus Instruments, Columbus, OH) with an air flow of 0.6 l/min. V O2 is expressed as the volume of O2 consumed per kilogram lean body weight per hour. Following a 1 h adaptation period in the metabolic chamber, V O2 was measured, starting at 10:00 A.M., in individual mice for 1 min at 25-min intervals for a total of 20 h under a consistent environmental temperature (22°C). The respiratory exchange ratio is the ratio of the volume of CO2 produced to the volume of O2 consumed. Energy expenditure (EE) was calculated as EE ϭ (3.815 ϩ 1.232 ϫ V CO2/V O2) ϫ V O2, where V CO2 is carbon dioxide production. Mice ambulatory activity was simultaneously estimated by the number of laser beams broken in both X and Y directions.
Animal surgery and hyperinsulinemic-euglycemic clamp experiments. The euglycemic-hyperinsulinemic clamp studies were performed as described previously (1, 13) at 26 wk after the HFD in chronically catheterized conscious mice in the Mouse Metabolic Phenotyping Center at Vanderbilt University Medical Center. Briefly, catheterization of the jugular vein was carried out 5 days before study. Blood samples were obtained from the tail vein. Each animal was fasted for 5 h on the morning of the experiment (7:00 A.M.). At 10:00 A.M., the primed (10 l/min for 2 min) continuous ( 14 C]DGP) was assessed in frozen muscle, heart, epididymal fat, diaphragm, brain, and liver samples as previously described (13) . The accumulation of 2-[ 14 C]DGP was normalized to tissue weight and tracer bolus in all experiments. Rg was calculated as previously described (25) .
Liver glycogen content was determined on 50 -100 mg of tissue as described previously (4), with minor modifications.
Liver lipids were extracted using the method of Folch et al. (12) . The extracts were filtered, and lipids were recovered in the chloroform phase. Individual lipid classes were separated by thin-layer chromatography using Silica Gel 60 A plates developed in petroleum etherethyl ether-acetic acid (80:20:1) and visualized by rhodamine 6G. Phospholipids, diglycerides, triglycerides, and cholesteryl esters were scraped from the plates and methylated using BF3/methanol as described by Morrison and Smith (30) . The methylated fatty acids were extracted and analyzed by gas chromatography. Gas chromatographic analyses were carried out on an HP 5890 gas chromatograph equipped with flame ionization detectors, an HP 3365 Chemstation, and a capillary column (SP2380, 0.25 mm ϫ 30 m, 0.25 m film; Supelco, Bellefonte, PA). Helium was used as a carrier gas. The oven temperature was programmed from 160 to 230°C at 4°C/min. Fatty acid methyl esters were identified by comparing the retention times with those of known standards. Inclusion of lipid standards with odd chain fatty acids permitted quantitation of the amount of lipid in the sample. Dipentadecanoyl phosphatidylcholine (C15:0), diheptadecanoin (C17: 0), trieicosenoin (C20:1), and cholesteryl eicosenoate (C20:1) were used as standards.
DNA and RNA analysis. DNA was isolated from bone marrow cells collected after killing the animals. Both hindlimbs of the mice were collected; the bone marrow was isolated by flushing femurs and tibia with 10 ml of PBS (Sigma-Aldrich). After centrifugation at 3,000 g for 10 min, cells were resuspended in 0.4 ml cryopreservation media (EmbryoMax; Chemicon, Temecula, CA) and stored at Ϫ80°C. DNA was isolated from 0.15 ml of the cell suspension using the Qiagen DNeasy Tissue Kit (Qiagen, Valencia, CA) following the protocol for purification of total DNA from cultured animal cells according to the manufacturer's guidelines. The bone marrow cells were genotyped using the primers and PCR cycling conditions as suggested by the Jackson Laboratory [primers for the TNF-␣ Ϫ/Ϫ and the TNF-␣ ϩ/ϩ genotype recognize part of the inserted neomycin cassette (280-bp fragment) and the deleted part of the TNF-␣ gene (146-bp fragment), respectively]. Promega PCR Master mix (Promega, Madison, WI) was used for the reaction mixture with 40 ng of DNA for a 25-l reaction. Reaction products were analyzed using a 1.5% agarose gel and the 1-kb DNA ladder from Promega. Transplantation efficiency was quantified using real-time RT-PCR as described below on the genomic DNA, isolated from the bone marrow cells. The same fragments typical for TNF-␣ Ϫ/Ϫ and TNF-␣ ϩ/ϩ amplified for the genotyping, and ␤2-microglobulin as internal control, were quantified using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) on an i-Cycler instrument (Bio-Rad). The amount of TNF-␣ Ϫ/Ϫ and TNF-␣ ϩ/ϩ gene was calculated using the 2 Ϫ⌬⌬CT (where CT is threshold cycle) method (27) and expressed relative to the level of TNF-␣ Ϫ/Ϫ in TNF-␣ Ϫ/Ϫ 3 KO and TNF-␣ ϩ/ϩ in TNF-␣ ϩ/ϩ 3 WT animals, respectively.
RNA was isolated from adipose tissue, liver, and hindlimb muscle using the Qiagen RNeasy Lipid, RNeasy Mini, and RNeasy Fibrous Tissue Mini kit (Qiagen), respectively, following the manufacturer's instructions. Subsequently, the RNA was reverse-transcribed using random hexamer primers and oligo(dT) with the iScript cDNA synthesis kit (Bio-Rad) following the recommended conditions from the manufacturer. Subsequently, specific cDNA targets were amplified using iQ SYBR Green Supermix (Bio-Rad) on an i-Cycler instrument (Bio-Rad). ␤-Actin cDNA was used as an endogenous reference. Samples without cDNA were included to exclude nonspecific reactions resulting from primer interactions. Furthermore, a positive control containing cDNA for the analyzed target was included. The relative levels of mRNA were quantified using the 2 Ϫ⌬⌬CT method (27) .
Histology and immunohistochemistry. Tissues for immunohistochemistry were fixed in 10% neutral, phosphate-buffered formalin for 24 -48 h and paraffin embedded. Subsequently, the paraffin-embedded tissues were processed in 6-m sections. Histological sections of epididymal fat pads were stained with hematoxylin and eosin and studied under 20-fold magnification to compare adipocyte size. On five randomly selected fields from three different sections, the number of stroma cell nuclei and the number of adipocytes, based on morphological criteria, were determined, and the results were expressed as a ratio (n ϭ 5). Mature adipocytes are defined as differentiated cells distended with lipid material. They contain peripherally inconspicuous nuclei. Sections of liver were stained with Mayer's hematoxylin and eosin and Masson Trichrome. Frozen liver sections (6 m) were stained with Oil red O (Sigma-Aldrich) to detect lipid accumulation. Sections were stained for 4 h in 0.5% Oil red O in propylene glycol, followed by 3 ϫ 1 min incubations in 85% aqueous propylene glycol. After the slides were washed in distilled water, they were dried and counterstained with Mayer's hematoxylin for 1 min. Immunohistochemistry was done on serial sections of the epididymal fat for both F4/80 and TNF-␣. Goat anti-mouse TNF-␣ (1/50; R&D Systems, Minneapolis, MN) and rat anti-mouse F4/80 (1/50; Serotec, Raleigh, NC) were used as primary antibodies. For detection, we used readyto-use biotinylated secondary antibodies against the appropriate IgGs in combination with ready-to-use streptavidin-horseradish peroxidase and AEC for detection (all from BioGenex, San Ramon, CA).
Statistical analysis. Statistical analysis was performed using GraphPad Prism (version 4; San Diego, CA). Data are expressed as means Ϯ SE. Statistical significance for difference between groups was evaluated using Student's t-test or one-or two-way ANOVA. Values of P Ͻ 0.05 are considered statistically significant.
The final n for the analysis was n Յ 8, as specified for the individual experiments. Four animals died during the 26-wk study. Four animals gained weight until around week 12-14 before losing body weight and showing signs of sickness. These animals were killed in agreement with Institutional Animal Care and Use Committee regulations. Real-time quantitative PCR (RT-QPCR) data are expressed relative to TNF-␣ ϩ/ϩ 3 WT and TNF-␣ Ϫ/Ϫ 3 KO as appropriate to investigate a bone marrow (i.e., macrophage TNF-␣) effect in WT and KO hosts, respectively. Because WT animals and KO animals are littermates within the group but not between groups, and considering the small weight difference between WT and KO animals at the start of the study, this approach allowed exclusion of differences caused by the genetic background and initial weight difference.
RESULTS
Macrophage TNF-␣ contributes significantly to adipose and liver TNF-␣ production. The success of the bone marrow transplantation was qualitatively analyzed by genotyping the bone marrow cells after death of the transplanted animals. Using the primers as described by the Jackson Laboratory, a 146-bp and a 280-bp PCR product is typical for TNF-␣ ϩ/ϩ and TNF-␣ Ϫ/Ϫ , respectively (see MATERIALS AND METHODS). Figure 1A shows the results for two mice of each group. Analysis of bone marrow DNA from TNF-␣ Ϫ/Ϫ 3 KO and TNF-␣ Ϫ/Ϫ 3 WT mice generated a 280-bp fragment as expected, indicating the presence of the KO marrow and eradication of WT cells for the second group. The 146-bp fragment seen for TNF-␣ ϩ/ϩ 3 WT and TNF-␣ ϩ/ϩ 3 KO confirmed the WT bone marrow uptake. However, for the latter group, a 280-bp fragment was present indicating that the KO bone marrow was not completely eradicated. Analysis of the bone marrow from the other mice showed the same pattern as shown in Fig. 1A (data not shown). To quantify the transplantation efficiency, genomic DNA isolated from the bone marrow cells was used for RT-QPCR, allowing the 3 KO mice were greater than or equal to those seen in TNF-␣ ϩ/ϩ 3 WT mice for adipose tissue and liver, respectively. Muscle from TNF-␣ ϩ/ϩ 3 KO mice contained 63% TNF-␣ mRNA relative to TNF-␣ ϩ/ϩ 3 WT (data not shown). These data indicate that, in diet-induced obesity, macrophage TNF-␣ contributes significantly to the total production of TNF-␣ in liver and adipose tissue, the two most important organs for lipid homeostasis.
Immunohistochemical detection of TNF-␣ and F4/80 on serial sections indicates that, while some resident macrophages from the host are still present, the majority are donor derived, i.e., recruited from the bone marrow (Fig. 2) . In adipose tissue from TNF-␣ ϩ/ϩ 3 WT animals, macrophages (F4/80; Fig. 2A ) colocalize with TNF-␣ (Fig. 2B) . For TNF-␣ Ϫ/Ϫ 3 WT animals, some macrophages (Fig. 2C ) stain positive for TNF-␣ (Fig. 2D) , whereas the majority lacks TNF-␣. Also F4/80-negative but TNF-␣-positive cells are detected. Based on the morphology, these cells are mature adipocytes. Whereas in TNF-␣ ϩ/ϩ 3 KO animals most F4/80-positive cells are TNF-␣ positive (Fig. 2, E and F, respectively) , some lack TNF-␣ (Fig.  2, G and H) . In the epididymal fat pad of TNF-␣ Ϫ/Ϫ 3 KO animals, no TNF-␣ was detected (Fig. 2, I and J) . Fig. 4 . Macrophage TNF-␣ does not alter metabolic rate or food intake. A and B: no differences were seen for oxygen consumption for WT hosts and KO hosts, respectively (P Ͼ 0.05 for both comparisons; n ϭ 7-8). C: food intake was similar for all groups (P Ͼ 0.05 for both KO and WT hosts; n ϭ 7-8, each measurement is the average of 3 individual measurements). Data are expressed as means Ϯ SE. Macrophage TNF-␣ influences the development of obesity and inflammation. The absence or presence of TNF-␣ in bone marrow donor and/or host did not influence relative weight gain to a significant extent, even though TNF-␣ Ϫ/Ϫ 3 KO mice tended to gain less weight ( Fig. 3A; n ϭ 7-8 ). There were no significant differences between groups (P ϭ 0.2) in terms of relative weight gain; no bone marrow-derived effect was apparent (P ϭ 0.67 and P ϭ 0.2 for the WT host and the KO host combinations, respectively). The age-matched KO littermates had a slightly lower initial weight compared with the agematched WT littermates, in agreement with the strain description by Jackson Laboratory. This corresponded with a difference in the final weights after 26 wk on the HFD (Table 1) . Therefore, and because the WT mice are not littermates with the KO mice, and since the main interest of the current study lies in the importance of macrophage TNF-␣, we focused on a potential effect of donor TNF-␣ genotype within the same host group.
TNF-␣ influences the size of the epididymal fat pad ( Fig.  3B ; n ϭ 7-8). Figure 3B suggests that bone marrow donor genotype contributes to the difference in epididymal fat pad size, with both groups receiving TNF-␣ ϩ/ϩ bone marrow exhibiting greater epididymal fat weight than their counterparts receiving TNF-␣ Ϫ/Ϫ marrow (P ϭ 0.003 and 0.02 for the marrow effect in WT and KO hosts, respectively). Body composition data were in agreement with the relative weight gain. Whereas the TNF-␣ Ϫ/Ϫ 3 KO mice had the highest relative lean mass (P Ͻ 0.0001; n ϭ 7-8; Fig. 3C ), they also had the lowest relative total adipose mass (P Ͻ 0.0001; Fig.  3D ). Whereas no impact of macrophage TNF-␣ was seen in the WT hosts (P ϭ 0.2 for both relative lean and adipose mass), an effect of bone marrow genotype on both relative lean and adipose mass was seen on the TNF-␣-deficient background (P ϭ 0.004 for both). The levels of expression of F4/80 mRNA were quantified as an index of the accumulation of inflammatory cells (macrophages) in the epididymal fat pad (Table 2) . Leptin mRNA levels, indicative of both obesity and inflammation, were in agreement with the F4/80 data: an effect of marrow TNF-␣ genotype was seen for KO hosts; no impact was observed in the WT hosts (Table 2) . No differences were observed in the ratio of stromal cells/adipocytes (data not shown). Adipocyte size was slightly larger for TNF-␣ and KO hosts receiving TNF-␣ ϩ/ϩ and TNF-␣ Ϫ/Ϫ bone marrow, respectively (n ϭ 5; P ϭ 0.03)].
Analysis of the metabolic rate showed no difference between groups in V O 2 when comparing oxygen use per kilogram lean weight over time (P ϭ 0.7 and 0.2 for WT and KO hosts, respectively; n ϭ 7-8; Fig. 4A ). Total oxygen utilization used during the 20-h period tended to be higher for TNF-␣ Ϫ/Ϫ 3 KO, as reflected by the total area under the curve; however, this did not reach statistical significance (P ϭ 0.8 and 0.2 for WT and KO hosts, respectively; Fig. 4B ). This is in agreement with the trend seen for relative weight gain. Food intake was comparable for the different groups (P ϭ 0.6; Fig. 4C ) No differences were seen in terms of mobility (P ϭ 0.1) or respiratory exchange ratio (P ϭ 0.1; data not shown).
Macrophage TNF-␣ influences insulin sensitivity. Euglycemic-hyperinsulinemic clamp studies were performed on conscious mice to determine the insulin sensitivity (n ϭ 7-8 for all analysis; Fig. 5, A-D) . Plasma glucose levels measured between minute 80 and 120 were comparable for the four groups (P ϭ 0.8; Fig. 5B ), whereas the glucose infusion rates (GIR) were significantly different (P ϭ 0.0006; Fig. 5D ). The KO hosts receiving TNF-␣ Ϫ/Ϫ bone marrow exhibited higher insulin sensitivity compared with the TNF-␣ ϩ/ϩ 3 KO animals (GIR ϭ 43.8 Ϯ 2.8 vs. 28.3 Ϯ 3.2 mg⅐kg Ϫ1 ⅐min Ϫ1 , respectively; P ϭ 0.004); no difference was seen for the WT hosts (GIR ϭ 21.3 Ϯ 3.7 vs. 28.2 Ϯ 5.0 mg⅐kg Ϫ1 ⅐min Ϫ1 for TNF-␣ ϩ/ϩ 3 WT vs. TNF-␣ Ϫ/Ϫ 3 WT, respectively; P ϭ 0.3). To exclude that the difference in insulin sensitivity was the result of the small, but not significant, difference in weight for KO hosts (Table 1) , four weight-matched animals from each group of the KO hosts were compared (supplemental Fig. 1 ; Supplemental data for this article are available online at the American Journal of Physiology-Endocrinology and Metabolism website). The GIR were comparable with the ones for all KO animals (GIR ϭ 47.0 Ϯ 5.0 vs. 27.7 Ϯ 2.9 mg⅐kg Ϫ1 ⅐min Ϫ1 for TNF-␣ Ϫ/Ϫ 3 KO and TNF-␣ ϩ/ϩ 3 KO, respectively; P ϭ 0.008). In agreement with the insulin sensitivity, fasting plasma insulin levels after 26 wk on a HFD were significantly different for the KO hosts (P ϭ 0.002; Fig. 5E , respectively; P ϭ 0.9). Before the start of the HFD, both fasting plasma glucose (P ϭ 0.7 and 0.8 for WT and KO hosts, respectively) and fasting insulin levels (P ϭ 0.7 and 0.3 for the WT and KO hosts, respectively) did not differ. Overall, the data are indicative for the development of a different degree of insulin resistance. Average islet size, while showing a wide variability in size within each group, generally corresponded with the insulin sensitivity data (20,108 Ϯ 9,752, 20,544 Ϯ 11,347, 10,069 Ϯ 4,027, and 11,572 Ϯ 2,440 m 2 for the WT and KO hosts receiving TNF-␣ ϩ/ϩ and TNF-␣ Ϫ/Ϫ marrow, respectively; P Ͼ 0.05 for the comparison within each host group).
Determination of the whole body glucose turnover was in agreement with the insulin sensitivity (Fig. 5F ). Whereas no impact of macrophage TNF-␣ is visible in WT hosts (P ϭ 0.3), a detrimental effect is seen for KO hosts (P ϭ 0.04). Glucose clearance followed the same trend (Fig. 5G) , however, without reaching statistical significance for both WT and KO hosts (P Ͼ 0.5 for both WT and KO hosts). Finally, endogenous glucose production generally corresponded with insulin sensitivity (Fig. 5H) , even though the impact of different bone marrow did again not reach statistical significance (P Ͼ 0.05 for both WT and KO hosts). No differences were observed for each of these measurements before the start of the insulin Fig. 5 . Macrophage TNF-␣ influences insulin sensitivity in TNF-␣ Ϫ/Ϫ animals. A-D: plasma glucose levels (P Ͼ 0.05 for both WT and KO hosts; A and B) and glucose infusion rates (GIR; *P ϭ 0.004; C and D) were determined during euglycemic-hyperinsulinemic clamp studies. E: plasma insulin levels (*P ϭ 0.002) at the end of the 26-wk diet. F: whole body glucose turnover (*P ϭ 0.02). G and H: clearance (G) and endogenous glucose production (H) were in agreement with the GIR. Data are expressed as means Ϯ SE; n ϭ 7-8. infusion (t ϭ Ϫ10 min; supplemental Table 1 ; Supplemental data for this article are available online at the American Journal of Physiology: Endocrinology and Metabolism website.).
Glucose uptake was determined in muscle (soleus, gastrocnemius, and vastus), adipose tissue, diaphragm, heart, and brain (n ϭ 6 -8). As expected, there were no differences between groups with respect to brain uptake (P Ͼ 0.05 for both WT and KO hosts). Uptake in the heart and diaphragm was also not different between groups (P Ͼ 0.05 for each organ for both WT and KO hosts; data not shown). Glucose uptake in muscle (soleus, gastrocnemius, and vastus) did not show any difference either (P Ͼ 0.05 for WT and KO hosts; data not shown). However, the glucose uptake in adipose tissue generally showed a trend corresponding with insulin sensitivity. The presence of TNF-␣ in the bone marrow tended to reduce glucose uptake in the epididymal fat pad of KO hosts (10 Ϯ 3 vs. 15 Ϯ 9 mg⅐min Ϫ1 ⅐kg Ϫ1 for TNF-␣ ϩ/ϩ 3 KO and TNF-␣ Ϫ/Ϫ 3 KO, respectively; P ϭ 0.6), whereas no difference was observed in WT hosts (3 Ϯ 0.5 mg⅐ min Ϫ1 ⅐kg Ϫ1 independent of marrow; P ϭ 1).
Macrophage TNF-␣ influences hepatic lipid accumulation. Livers from the different groups differed in weight (n ϭ 7-8; Fig. 6A ). Whereas macrophage TNF-␣ did not influence liver weight in WT hosts (P ϭ 0.2), the TNF-␣ ϩ/ϩ marrow in KO mice led to a significant increase in liver weight (P ϭ 0.03). Considering the reported impact of TNF-␣ on NAFLD and NASH, hematoxylin/eosin staining was performed on liver tissue (Fig. 7, A and C) . The livers from TNF-␣ Ϫ/Ϫ 3 KO mice were protected from diet-induced fatty liver changes (Fig.  7) . The presence of lipid droplets in the liver tissue was ascertained by Oil red O staining and was indicative of less fat in TNF-␣ Ϫ/Ϫ 3 KO (Fig. 7B) . Livers from TNF-␣ ϩ/ϩ 3 WT, TNF-␣ Ϫ/Ϫ 3 WT, and TNF-␣ ϩ/ϩ 3 KO animals showed no protection against lipid accumulation and looked similar as those shown in Fig. 7 , C and D. This was confirmed by analysis of the liver lipid content (n ϭ 5; Fig.  8 ). No differences were observed for cholesteryl esters and unesterified cholesterol. Livers from TNF-␣ Ϫ/Ϫ 3 KO mice showed slightly higher phospholipid levels when compared with the other groups (P ϭ 0.02). However, when comparing TNF-␣ ϩ/ϩ 3 KO with TNF-␣ Ϫ/Ϫ 3 KO livers, the difference was not significant (P ϭ 0.06). Triglyceride levels differed among the various groups (P ϭ 0.001; Fig. 8D ). The presence of TNF-␣ in bone marrow-derived cells is sufficient to lead to triglyceride accumulation in KO hosts (P ϭ 0.002). Finally, the absence of lipid accumulation in the TNF-␣ Ϫ/Ϫ 3 KO mice corresponded with a reduced rate of inflammation, as indicated by CD68 mRNA levels (P ϭ 0.03; n ϭ 7-8; Fig. 6B ) and F4/80 mRNA levels, a more specific macrophage marker then CD68 (P ϭ 0.03; n ϭ 7-8; Fig. 6C ). No differences were seen for the WT hosts (P Ͼ 0.05 for both CD68 and F4/80 mRNA levels; data not shown).
Liver glycogen content was comparable for the different host/donor combinations (data not shown; P Ͼ 0.05 for both WT and KO hosts).
TNF-␣ and lipid homeostasis. TNF-␣ can influence insulin sensitivity through a variety of pathways, eventually leading to differences in lipogenesis and/or lipolysis. Considering the difference in visceral fat pad weight and the different degree of liver steatosis, we measured mRNA levels of a variety of metabolic markers in adipose tissue and liver, focusing on lipogenesis/lipolysis (n ϭ 7-8; supplemental Table 2 ).
To determine the cause of triglyceride accumulation in the liver, we investigated potential differences in triglyceride oxidation and production. No differences were seen for mRNA levels of peroxisome proliferator-activated receptor (PPAR)␣ (an important mediator of triglyceride oxidation), or glycerol-3-phosphate dehydrogenase (a PPAR␣-mediated enzyme involved in the conversion from glycerol to glucose). mRNA levels of protein phosphatase 2C, shown to be upregulated by TNF-␣ and to reduce acetyl-CoA carboxylase (ACC) phosphorylation, finally leading to reduced fatty acid oxidation Fig. 6 . The liver is an important target for macrophage TNF-␣. Liver weight (*P ϭ 0.03; A), CD68 mRNA levels (*P ϭ 0.03; B), and F4/80 mRNA levels (*P ϭ 0.03; C) were significantly different for the TNF-␣ ϩ/ϩ 3 KO relative to TNF-␣ Ϫ/Ϫ 3 KO animals. Data are expressed as means Ϯ SE; n ϭ 7-8.
(39), were not influenced by macrophage TNF-␣ (P ϭ 0.5 and 0.7 for KO and WT hosts, respectively). Furthermore, no difference was seen for lipoprotein lipase (LPL) mRNA, suggesting that the difference in triglyceride level (Fig. 8D) is the consequence of a difference in de novo synthesis and not in uptake. Levels of PPAR␥ mRNA, associated with lipogenesis, were in agreement with the different degree of fat accumulation in the liver. Whereas no difference was observed for WT hosts (P ϭ 0.45), PPAR␥ mRNA levels were 1.9-fold higher in TNF-␣ ϩ/ϩ 3 KO vs. TNF-␣ Ϫ/Ϫ 3 KO animals (P ϭ 0.006). Levels of aP2 mRNA (fatty acid-binding protein typical for adipocytes) were also increased 1.9-fold in TNF-␣ ϩ/ϩ 3 KO vs. TNF-␣ Ϫ/Ϫ 3 KO animals (P ϭ 0.01), with no difference for the WT hosts (P ϭ 0.09). This is an interesting observation, since it has been reported that an increase in liver PPAR␥ levels can lead to adipogenic hepatic steatosis (50) . With regard to fatty acid production, we quantified mRNA for two key enzymes of fatty acid synthesis, i.e., ACC, which catalyzes the synthesis of malonyl-CoA, and fatty acid synthase (FAS), a multifunctional protein that synthesizes fatty acids by adding malonyl-CoA units to an acetyl-CoA primer. mRNA levels of FAS were significantly different for the KO hosts, with a 2.4-fold increase for TNF-␣ ϩ/ϩ 3 KO vs. TNF-␣ Ϫ/Ϫ 3 KO animals (P ϭ 0.001). This was in agreement with a twofold increase in mRNA levels for ACC for TNF-␣ ϩ/ϩ 3 KO animals (P ϭ 0.003). No difference was seen for the WT hosts (P ϭ 0.6 and 0.3 for FAS and ACC mRNA, respectively). mRNA levels of SOCS-3, known to be upregulated by TNF-␣ and to increase ACC and FAS mRNA levels through suppression of STAT3 phosphorylation (43) , showed a similar profile, whereas no difference was seen for the WT hosts (P ϭ 0.9); SOCS-3 mRNA levels in TNF-␣ ϩ/ϩ 3 KO livers were twofold increased vs. TNF-␣ Ϫ/Ϫ 3 KO livers (P ϭ 0.03). Western blot analysis did not reveal an effect of macrophage TNF-␣ on STAT3 protein levels or STAT3 phosphorylation in KO hosts (data not shown). Although other pathways are potentially involved, it cannot be excluded that the lack of a difference is because of the insensitivity of the method. Unexpectedly, no difference was seen for SREBP-1 mRNA levels. In addition to SREBP-1 and PPAR␥, liver mRNA levels for ChREBP-1, a third major lipogenic transcription factor, were analyzed. No differences were observed between groups.
Expression levels of glucose-6-phosphatase, determined by RT-QPCR, were 2.2-fold higher in TNF-␣ ϩ/ϩ 3 KO vs. TNF-␣ Ϫ/Ϫ 3 KO animals (P ϭ 0.01), whereas no difference was seen for WT hosts (P ϭ 0.5). Liver mRNA levels of glucokinase were not altered by the bone marrow genotype (P ϭ 0.4 and 0.8 for WT and KO hosts, respectively). The trend for improved insulin suppression of endogenous glucose output (Fig. 5H ) may reflect an improved suppression of gluconeogenesis, since tracer incorporation in liver glycogen was unaffected (data not shown; P ϭ 0.95). Interestingly, levels of phosphoenolpyruvate kinase showed no difference.
In the epididymal fat pad, no differences were seen for PPAR␥, hormone-sensitive lipase (HSL), LPL, SREBP-1 or ChREBP-1 mRNA levels. In agreement with previous data from Kirchgessner et al. (22) , leptin mRNA levels were 2.5-fold higher in TNF-␣ ϩ/ϩ 3 KO vs. TNF-␣ Ϫ/Ϫ 3 KO animals (P ϭ 0.002), with no difference for WT hosts (P ϭ 0.1). In agreement with a previous study (11), SOCS-3 showed an expression profile similar to that seen in the livers: mRNA levels were 2.2-fold higher in TNF-␣ ϩ/ϩ 3 KO vs. TNF-␣ Ϫ/Ϫ 3 KO animals (P ϭ 0.02), whereas no difference was seen for the WT hosts (P ϭ 0.1). The differences in SOCS-3 levels were not associated with changes in FAS or ACC mRNA.
The data indicate that the presence of TNF-␣ in macrophages is sufficient to cause insulin resistance, adipose tissue expansion, and fatty liver disease in TNF-␣ Ϫ/Ϫ animals. However, lack of differences in analyzed parameters for the WT hosts indicate that host TNF-␣ contributes significantly to the "metabolic syndrome phenotype." Because SOCS-3 mRNA levels were altered in the KO hosts in both liver and adipose tissue, we measured interleukin (IL)-6 mRNA levels, since it has been shown that TNF-␣ and IL-6 exert similar effects through SOCS-3 activation (36) . No differences were observed for either liver or adipose tissue IL-6 expression for WT or KO hosts (supplemental Table 2 ).
DISCUSSION
More than 64% of U.S. adults are either overweight or obese, according to results from the 1999 -2000 National Health and Nutrition Examination Survey (14) . Because obesity is associated with evidence of systemic inflammation and promotes an increased risk of diabetes mellitus and NAFLD, a better understanding of the contribution of inflammatory cells and their inflammatory cytokines in the development of obesity and its consequences is critical. Cytokines such as TNF-␣ have been shown to lead to impaired glucose homeostasis and fatty liver disease. Several cell types, such as adipocytes and macrophages, are involved in the production of this cytokine, with the vast majority of the inflammatory gene transcripts being expressed in cells from the stromal-vascular fraction of adipose tissue (7) . The number of visceral fat macrophages is increased in rodent models of obesity (47, 48) and positively correlated to the body mass index in humans (7, 9) . In liver, macrophages are considered to be the most important source of TNF-␣ (40) . Therefore, we hypothesized that TNF-␣ produced by bone marrow cells would impact the development of insulin resistance and fatty liver disease in the setting of diet-induced obesity.
Both TNF-␣ WT and KO mice were transplanted with either TNF-␣ ϩ/ϩ or TNF-␣ Ϫ/Ϫ bone marrow and fed a HFD for 26 wk. As expected, bone marrow-derived cells are the predominant source of TNF-␣ in adipose tissue (85%) and in the liver (75%). Skeletal muscle tissue has been shown to produce increased amounts of TNF-␣ in insulin-resistant and diabetic patients (35) but, even though the percentage of macrophages in the adipose tissue that surrounds and infiltrates skeletal muscle increases in obese mice compared with lean mice (33, 35) , our data indicate that bone marrow-derived cells lead to a minor contribution in TNF-␣ production in skeletal muscle of obese mice. The higher levels of TNF-␣ mRNA in adipose tissue of TNF-␣ ϩ/ϩ 3 KO vs. TNF-␣ ϩ/ϩ 3 WT mice might be explained by the absence of negative-feedback mechanisms in the KO hosts, since these animals were never exposed to the cytokine during development.
Relative weight gain did not differ among the four groups of mice, although TNF-␣ Ϫ/Ϫ 3 KO mice tended to gain less weight. However, the size of the epididymal fat pad varied significantly. This is in agreement with data from Uysal et al. (45) showing that both TNF-␣ KO and WT mice develop obesity when fed a HFD for 12 wk, with KO mice exhibiting a tendency to gain less weight over time. Furthermore, this finding, together with the trend for an increased metabolic rate in TNF-␣ Ϫ/Ϫ 3 KO mice, is in agreement with a potential role for TNF-␣ in brown adipose tissue physiology (31) .
In the present study, all mice were euglycemic after 26 wk on the HFD. However, the differences in insulin values suggest that TNF-␣, produced by cells derived from marrow, provides different degrees of a compensatory response to the development of obesity-induced insulin resistance. This was confirmed by euglycemic-hyperinsulinemic clamp studies. At equilibrium, the GIR necessary to maintain plasma glucose at 200 mg/dl varied among the different groups, with the mice lacking TNF-␣ showing the highest insulin sensitivity. Based on the different GIR, we infer that KO hosts receiving TNF-␣ Ϫ/Ϫ marrow are at least partially protected from the development of insulin resistance when compared with their littermates that animals. Although no differences were observed for hepatic cholesteryl esters, unesterified cholesterol, and phospholipid levels (A-C), triglyceride levels were different for the KO hosts (*P ϭ 0.002; D). Data are expressed as means Ϯ SE; n ϭ 5.
received TNF-␣ ϩ/ϩ marrow. Interestingly, the absence of TNF-␣ in bone marrow-derived cells is not sufficient to protect WT animals from insulin resistance. The impact of macrophage TNF-␣ on insulin sensitivity, as indicated by different GIR, was in agreement with differences in whole body glucose turnover and glucose clearance. Surprisingly, glucose uptake in muscle did not differ between the four groups. A trend was seen for glucose uptake in epididymal fat pad that was in agreement with the insulin sensitivity, as determined by the clamp studies. We hypothesize that, whereas the methods used in this study do not allow detection of organ-specific glucose uptake, they do permit the detection of overall differences in glucose uptake. This may be explained by the fact that the mice are all insulin resistant to a certain degree because of the HFD for 26 wk. Because no animals on standard chow were included in the study, a possible increase in insulin resistance because of diet alone could not be analyzed. Interestingly, in adipose tissue, one of the organs with the most outspoken contribution of bone marrow-derived cells to TNF-␣ production, differences, even though not significant, are most pronounced. These findings are in agreement with a previous study showing that a dramatic upregulation of macrophagerelated genes is mostly restricted to white adipose tissue; mRNA of these genes was barely detectable and essentially unchanged in muscle and liver of obese mice. Furthermore, a significant upregulation of CD68 was observed in the liver after 26 wk on a HFD, although the absolute expression level was much lower than that in fat (48) .
The difference in GIR corresponds with the trend in endogenous glucose production, indicative of an important role for the liver in translating the effect of TNF-␣ on glucose homeostasis. The absence of insulin resistance in the liver of TNF-␣ Ϫ/Ϫ 3 KO mice agrees with the lower level of glucose-6-phosphatase mRNA compared with the other groups and is indicative of an improved suppression of gluconeogenesis. Furthermore, the livers from TNF-␣ Ϫ/Ϫ 3 KO mice were protected from diet-induced steatosis. Considering the KO hosts, this clearly indicates an impact of macrophage-derived TNF-␣. Even though in physiological conditions hepatocytes are the main site of hepatic glucose metabolism, Kupffer cells are sensitive to insulin-mediated increased glucose utilization (38) , and their products have been shown to play a role in the regulation of glucose homeostasis (3). Kupffer cells are the primary source of hepatic TNF-␣ (40), and their number has been shown to increase in a nutritional model of NASH (41) . Our data confirm and extend on these findings.
Hepatic steatosis results from an excessive accumulation of triglycerides in hepatocytes and is influenced by lipogenesis and fatty acid oxidation. Although no differences were seen for genes related to fatty acid oxidation, mRNA levels of PPAR␥, one of the lipogenic transcription factors, were significantly lower in mice deficient in TNF-␣ vs. TNF-␣ ϩ/ϩ 3 KO animals. No difference was observed for WT animals. The difference in PPAR␥ mRNA levels is indicative for so-called adipogenic steatosis (28, 50) . Whereas PPAR␥ is normally expressed at very low levels in the liver, in animal models with insulin resistance and fatty livers, the expression is markedly increased (5). Similar observations were made for ACC and FAS mRNA, two enzymes involved in fatty acid synthesis. Interestingly, SOCS-3 mRNA, known to upregulate ACC and FAS through suppression of STAT3 phosphorylation, showed a similar profile. These findings are in agreement with an established role for TNF-␣ as an inducer of SOCS-3 expression (11), suggesting that SOCS-3 may be a key mediator in the development of insulin sensitivity and fatty liver disease during inflammation. Although it would be expected that SOCS-3 upregulates SREBP-1, an important lipogenic transcription factor, we did not see a difference in SREBP-1 mRNA levels. A difference in protein level or cleaved, activated form of SREBP-1 could be associated with the observed difference in liver steatosis. However, no difference was detected (data not shown). Because no differences were observed for LPL mRNA levels, it can be concluded that the difference in lipid accumulation is the consequence of de novo fatty acid synthesis and not of uptake of circulating molecules. This is also in agreement with the fact that no differences were observed for mRNA levels of LPL and HSL in adipose tissue. Finally, because IL-6 is known to exert effects similar to those of TNF-␣, partially also mediated by SOCS-3, we quantified IL-6 mRNA levels in fat and liver. No differences were observed.
The present study indicates that macrophage TNF-␣ is important for the development of insulin resistance and NAFLD in TNF-␣ Ϫ/Ϫ animals in the setting of obesity. Indeed, whereas most parameters measured in our study were significantly different when comparing KO hosts receiving either TNF-␣ ϩ/ϩ or TNF-␣ Ϫ/Ϫ marrow, this is not the case for the WT hosts. Although this may be partially explained by considerations with respect to sample size, statistical power, and higher variability for the WT F 2 littermates (37), it is more likely to be indicative of the role of host TNF-␣, attenuating the differences for the WT hosts. Indeed, considering for example the potential role of TNF-␣ in cross talk between adipocytes and macrophages (48) , low levels of TNF-␣ could lead to a variety of changes in other markers involved in insulin resistance and inflammation in general and could be sufficient to regulate Kupffer cell activation through paracrine mechanisms (23) . Similarly, our laboratory has previously shown that plasminogen activator inhibitor (PAI)-1-deficient animals are partially protected from the development of obesity, an effect that is ablated by simply reconstituting these animals with PAI-1 ϩ/Ϫ marrow (10) . This study and the current study suggest that low cytokine/adipokine levels in the microenviroment are sufficient to initiate paracrine cross talk. Remarkably, transplantation of TNF-␣ complete or deficient marrow "generated" a liver and adipose phenotype with no effect on muscle. Even though these findings differ with previous work (45) , it might be related to a different degree of insulin resistance because of differences in factors such as diet composition and length of feeding period. In support of this assumption, previous studies using models of hyperphagia [gold-thioglucose injection (46) and ob/ob mice (45)] also lead to different conclusions, mainly concerning the differences in body weight, fat pad weight, and percent body fat, and are furthermore not completely in agreement with each other. However, all studies are consistent in reporting increased insulin sensitivity for TNF-␣ deficient mice. In addition, it cannot be excluded that the irradiation procedure itself led to some discrepancies with respect to previous studies. With regard to the bone marrow transplantation, it has been shown that high-fat feeding promotes the trafficking of bone marrow-derived circulating progenitor cells to adipose tissue and their differentiation in multilocular adipocytes (8) . Therefore, it cannot be excluded that newly recruited adipocytes, or other bone marrow-derived cells in general, contribute to our observations. However, no multilocular adipocytes were detected, nor were there a lot of TNF-␣-positive cells that were not F4/80 positive in the epididymal fat pad of TNF-␣ ϩ/ϩ 3 KO animals. Finally, our data indicate that the absence of TNF-␣ protects at least partially from the development of obesity, as reflected by the epididymal fat pad weight. This might explain the observed difference in liver phenotype. However, considering the changed expression levels of the different liver enzymes in combination with other studies suggesting a direct impact of TNF-␣ on the development of fatty liver disease, we hypothesize at least a partial direct local role for Kupffer cell-derived TNF-␣ on the development of NAFLD.
In conclusion, our study is the first to discriminate a separate inflammatory cell-mediated TNF-␣ effect. The results indicate the significant contribution of inflammation-mediated TNF-␣ production for the development of fat accumulation, insulin resistance, and fatty liver disease. However, the study also clearly indicates an at least as important role for host TNF-␣.
